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Mass spectra of complex polymer mixtures often disturbed by overlapping homologue peak
series have been interpreted by means of the novel techniques of the residue mass plot and the
abundance plot. The model substance used for the investigations is so far poorly characterized
non-ionic emulsifier Cremophor EL (polyoxyl 35 castor oil) (CrEL), a heterogeneous poly-
ethoxylate mixture. Because of its high amount of hydrophobic and hydrophilic components,
CrEL was separated into two fractions, aqueous and methanolic, by cation exchange (CCaEx)
chromatography. CrEL was then subjected to delayed extraction matrix-assisted laser desorp-
tion/ionization time of flight mass spectrometry (DE-MALDI-TOF-MS). Evaluation of the
mass spectra was performed by comparing the residue masses of the homologue peak series
with the calculated residue masses of potential components of the excipient cationized with
Na1 and K1. A number of these series are overlapping because they differ in their theoretical
residue masses by about 0.05 Da. The detection of these isobaric interferences was the basic
requirement for our analysis method. This goal was achieved by high mass accuracy of the
measurements (obtained by internal calibration) in combination with two newly developed
evaluation methods, the residue mass plot and the abundance plot. Using this combined
technique, generally applicable for complex polymer mixtures, it was shown that the aqueous
CCaEx fraction contains hydrophobic components such as di- and triesters of ricinoleic acid and
polyethylene glycol as well as glycerol polyoxyethylene di- and triricinoleates, whereas the
methanolic fraction contains hydrophilic components, mainly polyethylene glycol (PEG) and
glycerol polyoxyethylene ether. Moreover, free PEG was shown to consist of PEG 800 in
contrast to the value of 600 Da described so far in literature. (J Am Soc Mass Spectrom 2001,
12, 911–925) © 2001 American Society for Mass Spectrometry
Delayed extraction matrix-assisted laser desorp-tion/ionization time of flight mass spectro-metry (DE-MALDI-TOF-MS) is a powerful
method for the characterization of high-mass synthetics
and biopolymers such as proteins [1–3] providing in-
formation on both the molecular weight distribution
and the identity of components. The relatively poor
mass resolution, a major problem with MALDI-TOF
instruments, was improved by the introduction of re-
flecting analyzers and the delayed extraction (DE)
mode [4–6].
In contrast to biopolymers which are ionized via
gas-phase proton transfer from the matrix, polyethoxy-
lates as polar polymers are typically ionized by forma-
tion of ion complexes with alkali metal salts. The
influence of these alkali cations as well as of the matrix
and its pH value [7–15], the structures of alkali cation-
ized polyethylene glycol (PEG) in the gas phase [16–20],
and the mechanism of the ionization process [21–24]
have been described using pure PEG and other syn-
thetic polymers like poly(methyl methacrylate)
(PMMA).
Although the application of MALDI-TOF-MS to
polymer systems containing varying end groups proves
to be difficult [25–27], this technique is so far the only
suitable tool to obtain a detailed structure analysis of
polyethoxylated multi-component mixtures. The soft
ionization conditions achieved with MALDI have a
favorable effect since a strong fragmentation would
prevent the analysis of heterogeneous polymer systems.
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However, a high amount of polyethoxylated compo-
nents leads to other problems during the evaluation of
the mass spectra, especially the overlapping of homo-
logue peak series with isobaric residue masses. The
detection of these isobaric interferences was the main
goal of our work.
The model substance used to develop novel methods
to support the interpretation of mass spectra was Cre-
mophor EL (CrEL, BASF AG, Ludwigshafen, Germa-
ny), a heterogeneous non-ionic ethoxylate surfactant.
CrEL is obtained from the reaction of one mol castor oil
(referring to the main component glycerol triricinoleate)
and 35 mol ethylene oxide. The components of the
emulsifier are listed in Figure 1 according to the first
identification approach performed by Mu¨ller et al. in
1966. This analysis was based on saponification, consec-
utive extraction, and thin layer chromatography of the
obtained fragments [28].
Since CrEL does not cause haemolysis, it is used in
pharmaceutical preparations for parenteral application,
e.g., as solubilizer of hydrophobic drugs like the immu-
nosuppressant ciclosporin (Sandimmun, Novartis,
Basel, Switzerland) [29]. However, various serious side
effects of parenterally administered CrEL are observed
[30–33] which require detailed information about its
chemical structure. In addition, analytical methods had
to be developed for the separation and quantitation of
the emulgent. In recent years, our group elaborated on
a cyclodextrin modified micellar electrokinetic capillary
chromatography (CD-MECC) for separation [34] and a
potentiometric titration method for quantitation of
CrEL in biofluids [35–37].
DE-MALDI-TOF-MS was employed to provide a
detailed structure analysis of CrEL which was not
available so far. This paper focuses on the application of
DE-MALDI-TOF-MS to CrEL and especially on the two
new evaluation techniques, the residue mass plot and
the abundance plot, which are essential for the detec-
tion of overlapping series with isobaric residue masses
and thus generally for the precise interpretation of mass
spectra of complex polymer mixtures.
Experimental
Chemicals
CrEL was donated by BASF AG (Ludwigshafen, Ger-
many). PEG 600 used as reference substance was pur-
chased from Sigma Inc. (St. Louis, MO). Amberlite
IRC-50 was obtained from ICN Biomedicals GmbH
(Eschwege, Germany). Methanol was of high-perfor-
mance liquid chromatography (HPLC)-grade (Janssen
Chimica, Geel, Belgium). Sodium acetate (NaOAc) and
2,5-dihydroxybenzoic acid (DHB) were of analytical
grade (Aldrich-Chemie GmbH & Co KG, Steinheim,
Germany). The standards for internal calibration of MS,
polypropylene glycol (PPG) 1000, PPG 2000, and PEG
3000 were obtained from Aldrich-Chemie GmbH & Co
KG (Steinheim, Germany). All reagents and solvents
were used without further purification.
Cation Exchange Column Chromatography
A column with a height of 40 cm and an inner diameter
of 2.2 cm was filled with 90 mL of the cation exchange
resin Amberlite IRC-50 swollen in purified (distilled)
water. After conditioning with 500 mL of 0.1 N HCl, 50
mL of an aqueous CrEL solution (25 mg mL21) were
added. Elution of the adsorbed CrEL components was
carried out with 200 mL purified water followed by
3000 mL methanol (dropping velocity: 300 mL h21)
separating the emulsifier into the two CCaEx fractions
FAqua and FMeOH. Both fractions were then evaporated
under reduced pressure and both residues were ana-
lyzed by DE-MALDI-TOF-MS.
Sample Preparation
CrEL and the residues of the two CCaEx fractions were
separately dissolved in MeOH (1 g L21 each; solution
A). For internal calibration, a mixture of 0.1 mg PPG
1000, 0.4 mg PPG 2000 and 0.5 mg PEG was dissolved to
1 L in a methanol/water mixture (3:1) (solution B). 10 g
DHB, used as matrix, was dissolved together with 0.01
M (0.8203 g L21) NaOAc as the ionizaztion medium to
Figure 1. Components of CrEL according to [28]. Hydrophobic
portion. (a) Esters of ricinoleic acid and glycerol polyoxyethylene
ethers without differentiation between: glycerol polyoxyethylene
monoricinoleate (R1 5 R2 5 H), glycerol polyoxyethylene diricin-
oleate (R1 5 ricinoleate; R2 5 H), glycerol polyoxyethylene tririci-
noleate (R1 5 ricinoleate; R2 5 ricinoleate), polyoxyethylene
monoricinoleate (R1 5 R2 5 H), unreacted castor oil (not shown).
(b) Further assumed components. Polyoxyethylene diricinoleate
(R1 5 ricinoleate; R2 5 H), polyoxyethylene triricinoleate (R1 5
ricinoleate; R2 5 ethoxylated ricinoleate). Hydrophilic portion. (c)
Glycerol polyoxyethylene ether, polyethylene glycol (not shown).
912 MEYER ET AL. J Am Soc Mass Spectrom 2001, 12, 911–925
1 L in a methanol/water mixture (7:3) (solution C). 0.5
mL of solution A, 0.5 mL of solution B (for the measure-
ment of FAqua only), and 1.0 mL of solution C were
mixed together on a sample plate and dried in an air
stream.
Instruments
All experiments were carried out with the MALDI-TOF
mass spectrometer Voyager DE STR Workstation (Ap-
plied Biosystems, Framingham, MA). Evaluation of the
mass spectra was performed with GRAMS/386 Version
4.02 and DataExplorer (Applied Biosystems, Framing-
ham, MA).
Mass Spectrometry
The reflectron positive ion mode was used for all
experiments. The total acceleration voltage was set to 20
kV and the voltage on the first grid to 68.5%. All
experiments were carried out with a delay time of 200
ns between ion production and extraction. Six hundred
single laser shots were accumulated for each mass
spectrum. Internal calibration for unfractionated CrEL
and FMeOH was carried out with PEG contained in the
emulsifier or by addition of a mixture of PPG and PEG
as described for FAqua.
Results and Discussion
Cation Exchange Column Chromatography
Amberlite IRC 50 is a weak poly(methacrylate) (PMA)
cation exchanger cross-linked with a styrene-divinyl-
benzene-copolymer. It is known that polymers like
PMA interact with non-ionic polyethoxylates by
H–bondings between the ethylene oxide units and the
carboxylate group of the exchange resin as well as by
hydrophobic interactions [38, 39]. The stability of these
complexes depends on the pH of the solution as well as
on the length of the polyoxyethylene (POE) chain and
the end group of the polyethoxylates [40]. These effects
allow separation of a heterogeneous polyethoxylate
mixture such as CrEL by cation exchange chromatogra-
phy on Amberlite IRC 50. The mass spectra of the
resulting two CCaEx fractions FAqua and FMeOH can be
evaluated with significantly higher precision than the
spectrum of the unfractionated emulsifier because of
the reduction of the number of homologue peak series
in each fraction.
Evaluation of Mass Spectra
The main goal of our study, the identification and
verification of the CrEL-components as proposed by
Mu¨ller [28], can be achieved principally by assignment
of a homologue peak series to the corresponding poly-
ethoxylate [41]. The residue mass of a potential compo-
nent mres,theo is calculated as follows:
mres,theo 5 mend,theo 1 mcat 2 n z mmon,theo (1)
where mend,theo is the mass of the end group of a
polyethoxylate, e.g., ricinoleic acid in case of POE
ricinoleate, mcat the mass of the cation (Na
1 or K1)
complexed by the polyethoxylate, mmon,theo the mass of
a C2H4O monomer (44.026215 Da), and n a fictive
number of the monomers leading to a mres,theo value
between 0 and 44.026215 Da. Table 1 lists the residue
masses of some potential CrEL components with both
the K1 and the Na1 as cationizing agents. It has to be
pointed out that the mechanism of polymer synthesis
has to be observed when considering potential compo-
nents.
The experimental residue masses obtained from the
homologue peak series of the mass spectra can be
determined by two methods [42, 43]: The first, the linear
regression method, comprises plotting the m/z values of
the signals of a homologue peak series as a function of
n*. This value is the number of monomer units which
has to be subtracted from the mass of a single peak to
obtain a residue mass between 0 and 44.026215 Da in
analogy to mres,theo. The slope of the resulting regression
line provides the monomer mass mmon,reg, whereas the
intercept stands for the residue mass mres,reg. Van Rooij
et al. showed that the linear regression procedure may
become a problem for large n* values since the distance
between the measured points and the intercept in-
creases to such an extent that a slight deviation of the
slope results in a significant error of mres,reg [42]. The
second, the averaging method, developed by van Rooij
et al. for MALDI-FTICR-MS, describes the residue mass
of every single peak mres,calc by the following equation:
mres,calc 5 msignal 2 n* z mmon,theo (2)
msignal is the mass of every single oligomer peak and n*
corresponds to the value defined above for the linear
regression method. Finally, all mres,calc values are aver-
Table 1. Residue masses mres,theo of theoretically feasible
CrEL-components
Alkanolic
part
Acidic
part
Alkali
Cation
mres,theo
f
[Da]
POE
e
ric
a
K1 29.0310
POE ric/ol
b
K1 29.1190
POE
e
ric/ric Na1 29.1400
glyc POE
c
ric/ric/lin
d
K1 29.1707
POE ric/ric/ol Na1 29.2280
a
ricinoleic acid
b
oleic acid
c
ether of glycerol with PEG
d
linoleic acid
e
The most probable components with the nominal residue mass of 29
Da are shown in bold italic style.
f The residue masses mres,theo were calculated according to eq 1 with
respect to the composition of genuine castor oil which contains about
85% ricinoleic acid, 7% oleic acid, 3% linoleic acid, 2% palmitic acid and
1% stearic acid. With the exception of oleic acid esters only constituents
containing at least one ricinoleic acid unit are considered.
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aged, leading to the mean mres,aver. Obviously mres,aver is
less influenced by a single deviating mres,calc value than
mres,reg by an incorrect slope of the regression line. In
analogy to mres,aver, the monomer mass mmon,aver can be
calculated by averaging the mass differences mmon,calc
which are obtained by subtracting the mass of a peak
from the subsequent one within a series. This procedure
provides additional information because successive
overlapping of a homologue peak series by another one
can be identified as increasing or decreasing mmon,calc
values.
However, there are two general problems when
evaluating the mass spectra which occur independently
of the method used for the determination of residue
masses: Although NaOAc is added to the sample, both
the Na1 and the K1 series are observed with the
theoretical mass difference Dm 5 15.9739 Da (see Fig-
ure 2a) with the K1 series shifted to higher masses [7,
11–13]. However, the evaluation remains difficult when
considering this effect. The K1 series originates from
the genuine CrEL since the anionic polymerizaztion is
carried out in the presence of potassium hydroxide
(KOH), which is consecutively neutralized with acetic
acid (HOAc) without further purification of the emul-
sifier. The addition of potassium acetate (KOAc) instead
of NaOAc during sample preparation to suppress the
Na1 series cannot solve the problem entirely as Na1 is
still present in sufficient concentrations to supply Na1
series. Nevertheless, the spectral signals obtained by
addition of KOAc show different abundances com-
pared to those of the NaOAc spectra. This effect can be
used for the discrimination between Na1 or K1 series,
especially if they are overlapping and thus hampering
their assignment. Secondly, the overlapping of residue
masses in the range of approximately 0.05 Da (see Table
1) occurs in every case because of the high amount of
potential CrEL components and of 13C isotopic peaks.
In view of this difficulty, an additional evaluation
method was required to obtain reliable results. This was
achieved by marking a homologue peak series and
plotting the residue masses mres,calc as well as the
abundances of all signals as a function of n*. The plot of
the residue mass indicates an overlapping of series by a
continuous increase as well as by a decrease of mres,calc
and a sudden change of mres,calc within a series. This
may occur from the beginning and after a definite n*
value, respectively. The interpretation can be verified
by the plot of the abundances as a function of n*
because the series of a single polyethoxylated compo-
nent supplies a monomodal distribution of the abun-
dances, whereas a series interfered by other compo-
nents shows a multimodal distribution corresponding
to the number of interferences.
Mass Spectrum of Unfractionated CrEL
The mass spectrum of unfractionated CrEL is shown in
Figure 2b with a multitude of homologue peak series,
especially with lower intensity. Nevertheless, some
general observations can be made: Homologue series
with a distribution maximum above an m/z value of
2500 and therefore, main components with a molecular
weight Mn higher than 2500 Da, have not been ob-
served. The most significant series was found in the
molecular weight range below 1000 Da which can be
assigned to sodiated PEG. The distribution maximum
of this series was found at approximately 800 Da with
the most abundant peak at a nominal mass of 745 Da
corresponding to 17 monomer units, in contrast to
values of 600 Da and 12 monomer units [28]. For
verification, a reference spectrum of PEG 600 was
performed, leading to the expected distribution maxi-
mum at 600 Da, which excludes a shift in the molecular
weight distribution sometimes observed in MALDI-
TOF-MS depending on the matrix and the complexing
cation [11]. However, a shift was observed in the
spectrum of unfractionated CrEL with respect to the K1
series of PEG, which shows a distribution range similar
to its corresponding Na1 series, but with the most
abundant peak at a nominal mass of 1113 Da.
In contrast to free PEG, the series of components
containing ricinoleic acid are found mainly in the upper
molecular weight range. These series are significantly
less abundant compared to those of free PEG with its
higher affinity to the alkali cations and its easier ioni-
zaztion. It is assumed that this higher abundance is not
caused by a higher PEG concentration because the
synthesis of CrEL is not supposed to create free PEG as
the main component of the emulsifier.
Mass Spectrum of the CCaEx Fraction FAqua
The mass spectra of FAqua are shown in Figures 3a and
b, and the characteristics of the main series are summa-
rized in Table 2. Because genuine PEG was not found in
this fraction, a mixture of the standards PPG 1000, PPG
2000, and PEG 3000 could be added for internal calibra-
tion without generating interferences. Figure 3a shows
the series of sodiated PPG 1000 and PPG 2000 with its
typical mass difference of 58.0419 Da together with the
series of Na1 PEG (for details see Figure 3b). With
internal calibration, a mass accuracy of 0.0013 Da (stan-
dard deviation: 0.0093 Da) was achieved for the mixture
of PPG 1000 and PPG 2000. Based on these results, the
interpretation of the most important series of FAqua will
be described in the following paragraphs.
POE ricinoleate. The series of sodiated POE ricinoleate
is obtained over a broad molecular weight range from
761 to 2566 Da with a low relative intensity of maximal
17%. This result indicates that POE ricinoleate might
not be a main component of CrEL, considering that
MALDI-TOF-MS is not a quantitative technique and
that differences in the ionization efficiency may occur.
While the abundance plot is not able to support the
interpretation of this series because of the low intensity,
the residue mass plot (see Figure 4) shows a satisfactory
correlation between mres,calc and mres,theo regarding the
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n* values from 17 to 44. The range above 44 is signifi-
cantly interfered by another series with a higher residue
mass, possibly the Na1 series of a mixed polyethoxy-
lated triglyceride with two ricinoleic acids and one
linoleic acid. In general, a number of mres,calc values
show significant standard deviations due to the low
intensity of this series. The overlapping in the higher
molecular weight range results in a bigger slope of the
regression line and in a smaller intercept. This simulates
a higher degree of accuracy of mres,reg (13.0407 Da) than
Figure 2. (a) Enlarged section of the mass spectrum of unfractionated CrEL. Both the Na1 series
(filled circle) and the K1 series (filled diamond) of free PEG are marked. Compared to the Na1 series
the distribution maximum of the K1 series is clearly shifted towards higher molecular weights. (b)
Mass spectrum of unfractionated CrEL. The Na1 series of PEG around its distribution maximum is
marked by nominal masses of the peaks.
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of mres,aver (13.1087 Da) with respect to mres,theo (13.0571
Da) (see Table 2).
The corresponding K1 series of POE ricinoleate
(mres,theo 5 29.0310 Da) could not be detected at all
because it is hidden under the very intensive series of
sodiated POE diricinoleate (mres,theo 5 29.1400 Da).
However, the unambiguous assignment of the series
with the nominal residue mass of 29 Da to Na1 POE
diricinoleate excluding K1 POE ricinoleate was verified
by the KOAc spectrum because in this case the series
shows a significantly decreased abundance due to the
absence of Na1 addition.
Figure 3. (a) Mass spectrum of FAqua. The three dominant series can be assigned to the Na
1 series
of the internal standards PPG 1000 (filled diamond), PPG 2000 (open diamond), and PEG 3000 (filled
circle). (b) Enlarged section of the mass spectrum of FAqua. Both sodiated glycerol POE diricinoleate
as the most abundant series of FAqua (marked with a filled inverted triangle) with its second isotopes
(marked with an open inverted triangle) and the Na1 series of the internal standard PPG 2000 (marked
with a filled square) with its second isotopes (marked with an open square) are shown.
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POE diricinoleate. In contrast to POE monoricinoleate,
the series of sodiated POE diricinoleate is characterized
by a significantly higher abundance of the peaks (rela-
tive maximal intensity of 49%), which allows the iden-
tification of POE diricinoleate as a main component of
CrEL with the restriction made in the preceding section.
Furthermore, no interferences by other components are
found resulting in a monomodal abundance plot and a
residue mass plot with very small variations ranging
from 29.1222 to 29.1477 Da (see Figure 5). In analogy,
mres,aver (29.1330 Da) conforms well with mres,theo
(29.1400 Da), while mres,reg (29.1198 Da) shows a slightly
higher deviation. The absence of interferences in this
residue mass plot in combination with the small devi-
ation between mres,aver and mres,theo proves the strength
of this evaluation method for the interpretation of this
type of complex series.
The corresponding K1 series, however, is interfered
over the entire molecular weight range expressed espe-
cially as significant variations in the residue mass plot
(see Figure 6). A second series with a higher residue
mass starts overlapping at an n* value of approximately
34 and dominates for 40 ,n* ,50. This interpretation is
supported by the abundance plot with a local minimum
at n* 5 40 surrounded by local maxima at n* 5 39 and
n* 5 43, which might indicate a bimodal distribution.
The variations of the residue mass plot observed for n*
.50 depend on the low abundance. The interfering
series might be assigned to sodiated POE triricinoleate
(mres,theo 5 1.1967 Da). In analogy to POE ricinoleate, an
overlapping in the higher molecular weight range sim-
ulates a higher degree of accuracy of mres,reg (1.0900 Da)
than of mres,aver (1.1370 Da) with respect to mres,theo of
K1 POE diricinoleate (1.0878 Da).
POE triricinoleate. POE triricinoleate is a diester of
PEG and two ricinoleic acids whereby one secondary
hydroxyl-group is additionally polyethoxylated and
again esterified with ricinoleic acid (see Figure 1c).
As mentioned earlier, sodiated POE triricinoleate
(mres,theo 5 1.1967 Da) is part of the series with the
nominal residue mass of one Da especially in the range
of n* .34 (1498 Da). If mres,aver is calculated only for the
range from n* 5 34 to 50 and not for the complete
series, an mres,aver value of 1.1589 Da is obtained,
showing a closer degree of conformity with mres,theo.
Although the Na1 series of POE triricinoleate is
difficult to interpret, its K1 series provides sufficient
information to identify the triester as a main component
of CrEL because of the high abundance of the peaks
(relative maximal intensity of 45%). Moreover, the K1
series can unambiguously be assigned to POE triricin-
oleate because it does not show overlapping with any
other series which is derived from both the abundance
and the residue mass plot (not shown). This absence of
interferences leads to a high degree of conformity of
mres,aver (17.1736 Da) with mres,theo (17.1707 Da). As
usual, the graphic evaluation supplies a deviating value
(mres,reg 5 16.9445 Da).
Glycerol POE triricinoleate. So far, glycerol POE tririci-
noleate is said to be a main component of CrEL [28].
Our investigation unambiguously shows the Na1 series
of this component existing to a significant extent (rela-
tive maximal intensity of 29%) with a broad molecular
weight distribution ranging from 1704 to 2716 Da.
Nevertheless, the amount of the triglyceride contained
in the emulsifier seems to be lower than those of both
the POE di- and the triricinoleate. Although mres,aver
Figure 4. Residue mass plot of Na1 POE ricinoleate. n* values are not taken into account, if there is
a strong overlapping with an intensive series especially with an internal standard leading to a
significant shift of mres,calc (e.g., n* 5 18, 19). Standard deviations of mres,calc values obtained from
three determinations are shown as vertical error bars.
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(31.2042 Da) conforms well with mres,theo (31.2073 Da),
the Na1 series is interfered by another series with a
lower residue mass especially in the molecular weight
range between 1704 and 2144 Da (n* 5 38 to 48). This is
illustrated by the continuous increase of the residue
mass plot until it reaches the value of sodiated glycerol
POE triricinoleate (see Figure 7). This observation is
supported by a first hint for a bimodal distribution in
the abundance plot (see Figure 7). The overlapping
series can most probably be assigned to the K1 series of
glycerol POE diricinoleate (mres,theo 5 31.0983 Da).
The K1 series of the triglyceride (relative maximal
intensity of 15%) shows disturbances both in the lower
and the upper range, leading to a deviating mres,aver
value of 3.2029 Da (mres,theo 5 3.1550 Da). Therefore, a
closer degree of conformity is achieved by considering
only the molecular weight range which is not affected
by any overlapping (from 1676 to 2336 Da). Thus,
mres,aver is reduced to 3.1881 Da.
Glycerol POE diricinoleate. The Na1 series of the dig-
lyceride is the most abundant series of FAqua (relative
maximal intensity of 70%) showing a broad molecular
weight distribution from 1467 to 2612 Da. Because over-
lapping only occurs in the higher molecular weight range
above 2172 Da resulting in a residue mass plot (not
Figure 5. Abundance plot (a) and residue mass plot (b) of Na1 POE diricinoleate. For explanation see
Figure 4.
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shown) analogous to Figure 4, mres,aver (15.1373 Da) can be
assigned to mres,theo (15.1243 Da). The abundance plot (not
shown) supplies a monomodal distribution without any
disturbances because the overlapping series in the higher
molecular weight range is significantly less intensive com-
pared to the Na1 series of glycerol POE diricinoleate. The
corresponding K1 series is interfered by Na1 glycerol
POE triricinoleate and has been discussed earlier.
Mass Spectrum of the CCaEx Fraction FMeOH
The mass spectrum of FMeOH is shown in Figure 8. The
characteristics of the main series are summarized in
Table 3. Addition of a standard was not required
because internal calibration has been carried out with
genuine PEG (mass range from 481 to 965 Da) achieving
a mass accuracy of 0.0093 Da with respect to Na1 PEG
(standard deviation: 0.0173 Da). The series of FAqua are
also contained in FMeOH but to a much lesser extent.
Thus, we focused on the two most important and
abundant series of FMeOH, namely free PEG and glyc-
erol POE ether, both of which are not contained in
FAqua. As data in Table 3 prove, the K
1 series of the two
components show a higher abundance and a distribu-
tion maximum shifted to the higher molecular weight
range compared to the Na1 series. This phenomenon is
Figure 6. Abundance plot (a) and residue mass plot (b) of K1 POE diricinoleate. For explanation see
Figure 4.
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described for free PEG using DHB as matrix (see
Introduction), but it is observed only in some cases of
the ricinoleic esters of FAqua.
PEG. According to the mass spectrum of unfraction-
ated CrEL (see Figure 1) the maximum of the Na1 PEG
series is found below 1000 Da (a slight shift from 745 Da
in the genuine emulsifier to 833 Da in FMeOH with a
relative intensity of 61%). In accordance to this obser-
vation, the abundance plot (see Figure 9a) shows the
main part of PEG to extend from 525 Da to approxi-
mately 1318 Da (corresponding to 11 and 29 monomer
units). The residue mass plot (see Figure 9b) indicates
no interferences in the range up to 965 Da (n* 5 21). An
overlapping with a series of a higher residue mass is
observed especially in the range from n* 5 22 to 33,
resulting in a higher mres,aver value (41.0209 Da) compared
to mres,theo (41.0003 Da). Thus, a significantly better mres,aver
value (40.9910 Da) is obtained, if only the beginning of the
series to n* 5 21 is considered for the calculation of the
residue mass. The overlapping series might be assigned to
sodiated POE oleate (mres,theo 5 41.0884 Da).
The corresponding K1 series represents the most
intensive series of FMeOH (relative maximal intensity of
100% at 1113 Da). Although the influence of potential
overlapping series was expected to be very low because
of the high abundance of the K1 PEG series, mres,aver
(13.0361 Da) distinctly deviates from mres,theo (12.9481
Figure 7. Abundance plot (a) and residue mass plot (b) of Na1 glycerol POE triricinoleate. For
explanation see Figure 4.
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Da). Significant individual variations of the mres,calc
verify interferences by another series. Both Na1 POE
ricinoleate (mres,theo 5 13.0571 Da) and K
1 POE oleate
(mres,theo 5 13.0361 Da) can be assumed as overlapping
series. However, a stronger influence is to be expected
from K1 POE oleate because Na1 PEG might be inter-
fered by the Na1 series of POE oleate.
Glycerol POE ether. Glycerol POE ether is the second
major component of FMeOH besides free PEG. The Na
1
series shows a relative maximal intensity of 44% at 1303
Da (corresponding to n* 5 29). Because mres,aver
(26.9904 Da) conforms well with mres,theo (26.9847 Da),
the series can be assigned to glycerol POE ether.
As in case of the K1 series of PEG, mres,aver of K
1
glycerol POE ether (43.0530 Da) deviates from mres,theo
(42.9587 Da) despite the high intensity of the series
(maximal 94% at 1583 Da with n* 5 35). Significant
individual variations of mres,calc indicate overlapping
again by another series. Na1 glycerol POE ricinoleate
(mres,theo 5 43.0676 Da) and K
1 glycerol POE oleate
(mres,theo 5 43.0466 Da) might cause the interferences
observed in the residue mass plot (not shown).
Polyethoxylated components containing oleic acid
seem to play a more important role than previously
assumed, although oleic acid represents not more than
10% of genuine castor oil. The investigation of these
interferences and thus of components of CrEL not
considered as main components of the emulsifier is the
aim of our on-going work.
Conclusion
In this work, the development of two methods for the
detection of isobaric interferences in the mass spectra of
complex polymer mixtures is described: The residue
mass plot and the abundance plot. This combined
technique was applied to the heterogeneous non-ionic
ethoxylated emulsifier CrEL in order to investigate its
capabilities and limitations.
Direct mass spectrometry was not suitable for sup-
plying detailed information about chemical structure
because of the high amount of components, and so the
emulsifier was separated into two fractions by cation
exchange chromatography using Amberlite IRC 50. For
the evaluation of the spectra, both the averaging and
linear regression methods were employed in order to
determine the residue masses of homologue peak se-
ries. With the exception of two series, results obtained
with the averaging method show a significantly higher
degree of accuracy compared to the theoretical values.
Despite of the fractionation of CrEL, overlapping of
series was still observed. Therefore, the abundance plot
and the residue mass plot were used to obtain evidence
whether a series can be unambiguously assigned to a
specific residue mass or if it is interfered by another
series. Especially the residue mass plot allows this
differentiation in any case, whereas the application of
the abundance plot requires strong intensities of the
series.
With this procedure we were able to prove that POE
di- and triricinoleate, glycerol POE di- and triricin-
oleate, glycerol POE ether, and free PEG represent the
main components of CrEL. While the more hydropho-
bic ricinoleic esters are present in both fractions, hydro-
philic PEG and glycerol POE ether are only contained in
FMeOH. Free PEG shows a molecular weight of about 800
Da contrary to the previous value of 600 Da in [28]. Also
in contrast to [28], POE monoricinoleate cannot be
assigned as a main component of the emulsifier.
Figure 8. Mass spectrum of FMeOH. The Na
1 series of PEG is marked by nominal masses of the peaks
around the distribution maximum. The two conspicuous series are identified as K1 PEG (filled
diamond) and K1 glycerol POE ether (filled circle).
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